Lignin measurements were made on suspended particulate organic matter (POM), total dissolved organic matter (DOM), high-molecular-weight (HMW) DOM, and low-molecular-weight (LMW) DOM in the North Pacific at Station Aloha. Carbon-normalized yields of lignin and d 13 C measurements indicate that while terrigenous organic matter accounts only for B1% of DOM in seawater, submicron POM has a substantial terrigenous component. The apparent size distribution and terrigenous nature of the particles is consistent with an aerosol source, but these particles could also be delivered to the ocean via rivers. Ratios of syringyl to vanillyl phenols as well as the fraction of dissolved lignin in HMW DOM provide molecular evidence of photochemical oxidation. Several differences in lignin composition and concentrations were evident between water masses. In particular, concentrations in North Pacific Intermediate Water were a factor of two greater than at all other depths. This is likely a reflection of higher riverine input via the Sea of Okhotsk. These trends suggest that lignin could serve as a general circulation tracer in addition to tracing riverine input and diagenetic processing of terrigenous organic matter in the ocean. r
Introduction
The fate of terrigenous organic matter (OM) in the ocean is poorly understood . Riverine OM represents highly degraded vascular plant materials (Ertel et al., 1986; Ittekkot, 1988; Hedges et al., 1994) , and riverine discharge of dissolved OM (DOM) is sufficient to support the turnover of dissolved organic carbon throughout the ocean (Williams and Druffel, 1987) . Similarly, the discharge of riverine particulate organic carbon is sufficient to account for all organic carbon preservation in marine sediments (Berner, 1989) . However, there is little evidence that terrigenous DOM or particulate OM (POM) persist as major components of oceanic OM reservoirs. Bulk chemical and isotopic characterizations are either not sensitive to the terrigenous content of OM in seawater, or point toward a predominantly marine source. Only at the molecular level in the form of lignin and longchain lipids (unique biomarkers of vascular plant tissues) has terrigenous material been identified in oceanic OM (Meyers-Schulte and Hedges, 1986; Prahl et al., 1989; Opsahl and Benner, 1997; Wakeham et al., 1997) . Even then, all indications are that terrigenous OM makes up at most a few percent of POM and DOM in seawater. Thus, it is critical for our understanding of the global carbon cycle to determine the mechanisms by which the majority of terrigenous OM is so efficiently degraded in marine systems.
Previous work on lignin offers several clues as to processes and reactions that affect the distribution and composition of dissolved lignin in the ocean. To the best of our knowledge, no prior work exists on lignin in suspended particles in the ocean. Concentrations of dissolved lignin are 2-3 times greater in the Atlantic than in the Pacific (Opsahl and Benner, 1997) and can be an order of magnitude higher in Arctic surface waters (Opsahl et al., 1999) . Differences among ocean basins appear to be linked to riverine water discharge on a per-volume basis (Opsahl and Benner, 1997; Opsahl et al., 1999) . The non-homogeneous distribution of lignin highlights the potential for using lignin as a tracer for addressing important questions about circulation and water mass formation.
Calculated residence times for dissolved lignin range from 20-130 years (Opsahl and Benner, 1997) , indicating the importance of removal mechanisms. The potentially significant role of diagenesis in the distribution and composition of terrigenous DOM was shown in a decomposition experiment that yielded three important results: (1) 70% of dissolved lignin in river water was removed upon exposure to sunlight for 28 days, (2) specific changes in lignin signatures were observed after long-term exposure to sunlight, and (3) the size of the lignin macromolecules changed from predominantly high-molecular-weight (HMW) DOM (>1000 Da) to low-molecular-weight (LMW) DOM (Opsahl and Benner, 1998) . Photooxidation has increasingly come under focus as a significant mechanism for direct or indirect remineralization of terrigenous DOM in the ocean (Kieber et al., 1990; Miller and Zepp, 1995; Amon and Benner, 1996; Andrews et al., 2000) . Ocean margins are likely important sites for photochemical transformations of terrigenous DOM, particularly in regions of river discharge where buoyant plume waters are exposed to sunlight (Benner and Opsahl, 2001; Hernes and Benner, submitted) .
This study addressed several important questions regarding the size distribution, composition, and transformations of dissolved and suspended particulate lignin at Station Aloha in the North Pacific, which has been well-characterized over the past decade (see Karl and Lukas, 1996 ; http:// hahana.soest.hawaii.edu/hot/hot.html). Previous analyses of dissolved lignin in seawater (Opsahl and Benner, 1997) had been limited to HMW DOM samples from ultrafiltration, which typically accounts for 20-40% of DOM. This study used a new solid phase extraction (SPE) technique (Louchouarn et al., 2000) to isolate the lignin in the remaining 60-80% of DOM, and also provided the first measurements of lignin in suspended particles. In this paper, we present evidence that links submicron particles to a terrigenous source and demonstrate the potential for lignin as a source and diagenetic tracer in open ocean samples.
Methods
Samples were collected from the North Pacific Ocean during a cruise to the Hawaii Ocean Time series station Aloha (22145 0 N, 158100 0 W) in October, 1999 aboard the R/V Ka'imikai-o-Kanaloa. Water was collected from various depths with Niskin bottles mounted on a rosette with a CTD. At each depth, B700 l of seawater was collected with four separate casts. From 600 l of this composite, the POM (0.1-60 mm) fraction was isolated aboard ship with an Amicon DC10L ultrafiltration system containing a polysulfone hollow fiber filter (H5MP01) as described previously . The filtrate from the DC10L system was fed directly into an Amicon DC30 ultrafiltration system with polysulfone membranes (S10N1; 1000 Da cutoff). After concentration to a volume of B10 l the HMW (B1-100 nm) sample was transferred to the Amicon DC10L with S10N1 membranes, concentrated to a volume of B1 l, and desalted by diafiltration with 18 l of Milli-Q water . The LMW filtrate (o1 nm) from the last two filtration steps was collected, mixed, and subsampled for lignin and DOC analyses, and the diafiltered HMW concentrate was transferred to a polycarbonate bottle and frozen. The HMW fraction was later dried under vacuum in a Savant SpeedVac concentrator, weighed, and stored for chemical analyses.
Dissolved lignin was also isolated from water samples by solid phase extraction on Varian Mega Bond Elut C18 cartridges according to the protocol of Louchouarn et al. (2000) . Briefly, this involves filtering and acidifying (pH 2.5) seawater samples and then pumping them through C18 cartridges at a flow rate of B75 ml min À1 with peristaltic pumps. Immediately prior to extracting the sample, the C18 cartridges are first cleaned and primed by rinsing with 100 ml of methanol followed by 50 ml of milliQ water acidified to pH 2.5. Bulk water samples from station Aloha were passed through a 0.2-mm pore-size polycarbonate filter cartridge (Nucleopore) prior to extraction; the LMW DOM samples needed no additional filtering. Approximately 30 liters of water was extracted for both bulk water and LMW DOM samples. Prior to lignin analysis of C18 samples, the cartridges were eluted with B50 ml methanol, and the sample evaporated to dryness with a Savant SpeedVac system. When subjected to CuO oxidation, a small percentage of the protein amino acid tyrosine is converted to the cinnamyl phenol, p-coumaric acid. In riverine and delta environments, cinnamyl phenol concentrations relative to protein concentrations are large enough that the effect of this conversion is not significant. However, at Station Aloha, tyrosine concentrations are 2-3 orders of magnitude larger than lignin-derived phenol concentrations (Benner and Kaiser, unpublished) , and conversion of tyrosine to p-coumaric acid is a major concern. Accordingly, bovine serum albumin was oxidized by CuO in concentrations similar to protein concentrations in Station Aloha samples to evaluate the contributions of this nonlignin source.
Lignin was analyzed by the CuO oxidation and extraction scheme of Hedges and Ertel (1982) with modifications described by Opsahl and Benner (1997) . As per Louchouarn et al. (2000) , reaction vessels (i.e. mini-bombs) and solvents were purged and sparged with argon prior to oxidation. Also following Louchouarn et al. (2000) , 10-15 mg of glucose was included in all oxidations in order to eliminate superoxidation effects. HMW DOM samples were simply weighed into the mini-bombs, but dried samples from the eluted C18 cartridges were redissolved in sparged 8 wt% NaOH in an argon atmosphere and transferred to mini-bombs for oxidation, as outlined in Louchouarn et al. (2000) . The use of argon for all sparging and purging instead of nitrogen was an additional modification adopted because of its greater-thanair density.
Separation of lignin-derived phenols was achieved with a Hewlett Packard 5890A gas chromatograph fitted with a DB5-MS capillary column (30 m, 0.25-mm inner diameter, J&W Scientific) and equipped with a Hewlett Packard 5972 mass selective detector. Quantification was achieved by selected ion monitoring with cinnamic acid as an internal standard (Opsahl and Benner, 1998; Louchouarn et al., 2000) . Because relative response factors generated with mass spectroscopy are non-linear, we adopted a calibration scheme in which the internal standard concentration was constant in all samples and standards. Thus, an appropriate volume of pyridine was chosen for resuspension of extracts to match the internal standard concentration in standard solutions of B10 ng ml À1 . Calibration was based on a quadratic calibration curve fitted to four points (standard concentrations of B50, B25, B10, and B5 ng ml À1 ) and forced through the intercept. In addition, cinnamic acid was chosen as the internal standard instead of the more commonly used ethyl vanillin because of the higher volatility of the latter and its preferential loss during the dry-down stage. All samples were blank-corrected for the presence of trace amounts of contamination in the NaOH reagent. The blank averaged B30 ng of lignin phenols and was never >15% of the sample (generally o10%).
Organic carbon and stable carbon isotope ratios were measured on dried HMW DOM and POM samples in duplicate with a Finnegan Delta Plus system with in-line combustion. Stable carbon isotopes are presented as d 13 C (%) relative to the Pee Dee Belemnite standard. Dissolved organic carbon (DOC) analyses were carried out by high temperature (6801C) oxidation with a Shimadzu TOC-5000 carbon analyzer. All samples were collected in TFE-lined bottles and stored frozen until analysis. All reported values were corrected for the instrument blank, which was measured at the time of analysis (Benner and Strom, 1993) .
Results

Water column OC concentrations, DOC mass balance
Concentrations of DOC ranged from 34-63 mM in the LMW fraction, 5.8-18 mM in the HMW fraction, and 40-80 mM in 0.1-mm filtered water (Table 1) . Because the LMW fraction is the most susceptible to carbon contamination from processing, LMW DOC concentrations reported here and used for carbon-normalization are the difference between total DOC and the HMW fraction. Actual mass balances of DOC [(HMW+measured LMW)100%/Total DOC] during ultrafiltration ranged from 91% to 126% (107% average), with higher values at lower DOC concentrations. POC concentrations ranged from 0.28 to 2.39 mM (Table 2 ) and on average represented 1.3% of total OC in the water column.
Stable carbon isotopes
Stable carbon isotopes were measured only on HMW DOM and POM. Values for d 13 C in HMW DOM at Station Aloha were uniform, ranging from À21.2% to À21.9%, and indicated a predominant marine source. In POM, d
13 C values were more depleted, ranging from À23.1% at the surface to À26.5% at depth (Table 2) .
Tyrosine conversion to p-coumaric acid
Reported lignin totals historically are the sum of three vanillyl (vanillin, acetovanillone, vanillic acid), three syringyl (syringaldehyde, acetosyringone, syringic acid), and two cinnamyl phenols (p-coumaric acid, ferulic acid). In our evaluation of tyrosine as a non-lignin source of p-coumaric acid, we found a conversion rate for tyrosine during CuO oxidation on the order of 1-2%. Given the 2-3 orders of magnitude difference in protein vs. lignin concentrations at Station Aloha (Benner and Kaiser, unpublished) , tyrosine conversion can easily account for the levels of p-coumaric acid measured in the Station Aloha samples. Additionally, it has been shown that as much as 76% of cinnamyl phenols are actually ester-bound and not lignin-derived (Opsahl and Benner, 1995) . Therefore, lignin totals in this study include the six vanillyl and syringyl phenols, but not cinnamyl phenols.
Lignin mass balance and extraction efficiency
The lignin data from station Aloha represents the first comprehensive look at the size distribution of dissolved lignin in the open ocean (Table 1) . With the ability to concentrate total and LMW dissolved lignin by C18 SPE, we are now able to evaluate mass balance in which total dissolved lignin should equal the sum of lignin in HMW DOM and LMW DOM. Assuming that HMW+LMW lignin represents total dissolved lignin, C18 totals calculated as a percentage of HMW+LMW represent the extraction efficiency of the C18 SPE method. C18 extraction efficiencies for the six vanillyl and syringyl phenols ranged from 57-92% (Table 3) , with an average of B80%. Subsequent experiments involving two C18 cartridges in series have indicated dissolved lignin that passes through the first cartridge due to saturation or other effects can be captured essentially quantitatively by a second cartridge (Hernes and Benner, submitted) . Saturation effects can be mitigated by decreasing the extraction volume. It appears that optimal extraction volumes for this study would have been 15-20 l.
Mass balance analyses of individual compound classes revealed that syringyl phenols on average were extracted with higher efficiencies at Station Aloha than vanillyl phenols (88% vs. 75%). When two C18 cartridges were connected in series in the Mississippi River plume, syringyl:vanillyl ratios were nearly a factor of four lower in the second cartridge than in the first (Hernes and Benner, submitted) , indicating differential sorption tendencies. This clearly shows that dissolved lignin oligomers in seawater are heterogeneous, and that the presence of syringyl phenols affects sorptive characteristics of those oligomers. Because of this heterogeneity and because of inconsistent extraction efficiencies at some depths, we chose to use the sum of HMW and LMW lignin phenols to represent total dissolved lignin throughout the remainder of this paper.
Lignin concentrations
With the exception of noticeably higher values at 750 m, concentrations of dissolved ligninderived phenols throughout the depth profile were fairly uniform. The LMW fraction ranged from 10 to 18 ng l À1 (23 ng l À1 at 750 m), the HMW fraction from 11 to 20 ng l À1 (32 ng l À1 at 750 m), and the combined total from 23 to 32 ng l À1 (55 ng l À1 at 750 m) ( Fig. 1a; Table 1 ). Comparable HMW dissolved lignin data from previous work indicated concentrations from 6 to 14 ng l À1 in equatorial and South Pacific samples (Opsahl and Benner, 1997) . The most appropriate direct comparison between the two studies would be lignin Table 1 and V, sum of vanillyl phenols; S, sum of syringyl phenols. concentrations from 4000 m, because these are likely from the same water mass (LCPW). At 4000 m, Opsahl and Benner (1997) measured HMW lignin values of 8-10 ng l À1 , whereas we measured 15 ng l À1 . Given that these measurements were made by different analysts on samples collected and ultrafiltered 7 years apart from locations 3500-4500 km apart, the consistency of the measurements is quite good.
In rivers, as much as 90% of dissolved lignin is in the HMW fraction (Opsahl and Benner, 1998) . At Station Aloha, the percentage of dissolved lignin in the HMW fraction ranged from 45% to 65%, with the highest value at 20 m and the lowest value at 300 m. Despite the fact that POC is o2% of total OC, POC lignin concentrations were fairly comparable to dissolved counterparts, ranging from 7.2 to 26 ng l À1 ( Fig. 1b ; Table 2 ). As with HMW and LMW dissolved lignin, the maximum particulate lignin concentration was at 750 m.
3.6. Lignin parameters 3.6.1. Carbon-normalized yields, L 6
Carbon-normalized yields of lignin, L 6 ; given in units of mg lignin (100 mg OC) À1 , are often used in end-member mixing models to estimate the relative contribution of terrestrial OM in marine systems. In this data set, the LMW fraction had the lowest L 6 values, ranging from 1.3 at the surface to 5.6 at 750 m (Fig. 2) . HMW L 6 values varied greatly from 5.7 in surface waters to 35 at 750 m (Fig. 2) . For comparison, previous HMW L 6 values measured in the Pacific Ocean averaged 6.6 (Opsahl and Benner, 1997) . Combined L 6 values were 2.4 in surface waters increasing to 11 at 750 m (Fig. 2) . In contrast to the relatively low L 6 values for the dissolved fraction, POC L 6 ranged from 58 in surface waters to 470 at 2500 m (Table 2 ).
Syringyl:Vanillyl ratios
Because of the unique occurrence of syringyl phenols in angiosperms, ratios of syringyl phenols to vanillyl phenols, S:V, can be used to distinguish between gymnosperm and angiosperm sources (Hedges and Mann, 1979) . S:V ratios have also been shown to decrease during photooxidation because of preferential removal of syringyl phenols (Opsahl and Benner, 1998) . Photooxidation of dissolved lignin in buoyant river plume waters can lead to decreases in HMW S:V ratios during transport in ocean margin waters (Benner and Opsahl, 2001) (Fig. 3) . The HMW values are all consistent with previous measurements in the Pacific Ocean, which ranged from 0.15 to 0.4 (Opsahl and Benner, 1997) . POC S:V values are similar to the LMW values, ranging from 0.24 to 0.56.
Acid:aldehyde ratios
Ratios of vanillic acid to vanillin, (Ad:Al)v, are commonly used as diagenetic indicators on a relative scale, with higher values interpreted to indicate greater degradation. We now know that source signals are more varied than originally thought (e.g., Opsahl and Benner, 1993) , and that fractionation occurs during leaching (e.g., Benner et al., 1990) , leading toward higher (Ad:Al)v in the dissolved phase. The latter is probably a significant factor in the size-dependent 3-fold variability of (Ad:Al)v in riverine OM Hernes and Benner, submitted) , and interpretations of differences among samples of varying source and size should be done with care. In this sample set, (Ad:Al)v for the LMW dissolved fraction ranged from 0.67 to 1.81 (0.98 average), HMW values from 0.57 to 1.37 (0.85 average), and total dissolved from 0.68 to 1.19 (0.90 average) (Fig. 4a) . POC (Ad:Al)v were lower than the dissolved counterparts, ranging from 0.33 to 0.83 (0.52 average). Ratios of syringic acid to syringaldehyde, (Ad:Al)s, were somewhat higher than (Ad:Al)v in the dissolved phase, varying from 1.2 to 1.9 (1.6 average) in the LMW fraction, 0.42 to 1.2 (0.88 average) in the HMW fraction, and 0.81 to 1.6 (1.2 average) in the combined total (Fig. 4b) . POC (Ad:Al)s values were similar to POC (Ad:Al)v, ranging from 0.21 to 1.2 (0.51 average).
Discussion
Water mass circulation
In this sample set, five out of the six major water masses at Station Aloha were sampled, including upper ocean North Pacific Subtropical Water Masuzawa, 1972; McCartney, 1982) , mid ocean North Pacific Intermediate Water (NPIW, 500-800 m; Sverdrup et al., 1942; Reid, 1965; Talley, 1993) , and deep ocean North Pacific Deep Water (NPDW, 2000-3000 m; Talley and Joyce, 1992) and Lower Circumpolar Water (LCPW, >3000 m; Johnson and Toole, 1993) . The most obvious depth feature in total dissolved lignin concentrations at Station Aloha is the maximum at 750 m, which is nearly twice that of any other depth (i.e. 55 ng l À1 vs. 23-32 ng l À1 ). Water from 500 and 750 m is part of the NPIW, which has substantial input of lower salinity, colder water from the Sea of Okhotsk (Talley et al., 1995) . The lignin maximum at 750 m likely reflects riverine input of terrigenous DOM into the Sea of Okhotsk from several rivers that drain the Kamchatka Peninsula and Siberia. The largest of these is the Amur River, with an annual discharge of 3.1 Â 10 11 m 3 (V . or . osmarty et al., 1998). The larger riverine component of DOM at 750 m is also reflected in L 6 values, which are considerably higher at 750 m and reflect a larger fraction of terrigenous DOM.
Water from 500 m is the upper boundary depth for NPIW, based on densities, but its total lignin concentration, unlike that at 750 m depth, does not distinguish it from other depths. This is not surprising given that water masses are not uniformly mixed. NPIW is believed to be formed when warmer, more saline and less dense subtropical waters from the Kuroshio and Tsugaru Warm Current overrun colder, fresher water originating in part from the Sea of Okhotsk (Talley et al., 1995) . Lignin concentrations could provide an excellent tracer for water originating from the latter. Additional evidence that water from 500 and 750 m have different origins can be found in S:V values. Water from 750 m has the highest S:V in the depth profile, and LMW and HMW values are nearly identical. In river plume waters, it has been shown that LMW S:V increases while HMW S:V decreases with photooxidation (Hernes and Benner, submitted) . In this profile, the greatest difference between LMW and HMW S:V (i.e. the strongest indication of photooxidation) can be found in the upper 200 m and at 500 m. This suggests that water from 500 m was previously exposed to solar radiation at the surface, which is consistent with a Kuroshio/ Tsugaru origin.
The ''oldest'' water sampled is the NPDW at 2500 m. NPDW is believed to be LCPW that warmed in the North Pacific and then flowed back over the top of the LCPW (Talley and Joyce, 1992). The total lignin concentration and S:V values in the NPDW are slightly lower than those of LCPW, and (Ad:Al)v and (Ad:Al)s are higher. This is consistent with a slight increase in diagenetic alteration of dissolved lignin in the NPDW. In the upper 500 m, total lignin concentrations from NPSTW and STMW are variable, which is probably a reflection of the seasonality of water mass formation (Cannon, 1966) . Compositionally, NPSTW is distinguished by the high S:V in LMW lignin and low S:V in HMW lignin (indicative of photooxidation), lower L 6 ; and high (Ad:Al)s. Lignin compositions cannot be used in an absolute sense to distinguish among all water masses, but differences are apparent between individual water masses. Recent microbial incubation experiments (1.7 years) resulted in virtually no changes in dissolved lignin composition despite a >50% decrease in concentration (Hernes and Benner, submitted) . If photooxidation is the only significant process that changes dissolved lignin compositions, then with a more robust statistical treatment, lignin could have utility as a general water mass tracer below the euphotic zone or in polar regions (Opsahl et al., 1999) . The latter could be particularly important for studying river water entrainment in deepwater formation areas.
Size distribution of lignin and TOC
Size distributions of lignin relative to TOC reveal an important difference between marine and terrestrial OM. Comparing TOC and lignin size distributions between Station Aloha and the Amazon River, the most striking feature is the shift toward smaller size fractions in the ocean (Fig. 5) . TOC at Aloha is 80% LMW, but it is only 20% LMW in the Amazon. Similarly, >30% of lignin at Aloha is in the LMW fraction, but only 5% in the Amazon. Differences in the size distributions of TOC in the Pacific and Amazon River could be source or diagenesis related. The shift toward LMW lignin in the ocean is likely driven by preferential removal of the HMW fraction due to photooxidation (Opsahl and Benner, 1998; Hernes and Benner, submitted) .
Residence time and percent terrigenous OM
An average residence time for dissolved lignin in the Pacific Ocean was first calculated from HMW lignin measurements along with assumptions about the lignin content of LMW DOM. The uncertainty in LMW lignin assumptions yielded a range in average residence time of 29-132 years (see Opsahl and Benner, 1997 , for details of calculation). LMW lignin measurements in this study eliminate those uncertainties, and indicate an average residence time of B90 years. However, the actual residence times of lignin entering marine systems appears to vary from days in ocean margins, where significant dissolved lignin losses occur in river plume waters (Benner and Opsahl, 2001; Hernes and Benner, submitted) , to hundreds of years in LCPW and NPDW water that originated in the North Atlantic.
Assuming that riverine dissolved lignin is removed from seawater at similar rates as riverine DOC, the terrestrial component of DOC in seawater can be estimated from carbon-normalized L 6 lignin phenol yields by the formula (L 6 ocean/L 6 river) Â 100%. Prior estimates were based on HMW lignin measurements and LMW assumptions, and yielded 0.7% (Opsahl and Benner, 1997). This result is consistent with d 13 C values for HMW DOC ; this study) and total DOC in the North Pacific (Druffel et al., 1992) which indicate a predominant marine source. Inclusion of LMW measurements from this study results in a slight increase in the estimated percentage of terrigenous DOC in the Pacific Ocean from 0.7% to 0.9%, which has negligible ramifications.
Sources of POM
In contrast to the marine d
13 C values for DOC measured in this and other studies, d
13 C values for POM at Station Aloha ranged from À23.1 to À26.5%, with values generally more depleted than À25.0% below 100 m (Table 2 ). This trend has previously been observed in the 0.1-60 mm size class of POM in the Pacific Ocean . In contrast, suspended POM from the North Pacific below 100 m collected on quartz fiber filters had d
13 C values of -20.1 to À22.6% (Druffel et al., 1996) . This presents an intriguing puzzle as to the source of POM that is depleted in 13 C. Among several possibilities, Benner et al. (1997) hypothesized that the depleted carbon could be terrigenous in origin. Assuming a marine d 13 C of À22%, a terrestrial d 13 C of À27%, and no fractionation effects, the d 13 C of the POM samples in this study corresponds to 22-89% terrigenous, with an average of 70% below 100 m. Benner et al. (1997) suggested that the discrepancy between studies could be explained by small, submicron particles that pass through 0.7-0.8 mm pore-size glass and quartz fiber filters but are captured by a filter with a 0.1 mm pore size. Previous investigators have demonstrated the great abundance of submicron particles and colloids in the ocean (e.g., Koike et al., 1990; Wells and Goldberg, 1992) . Indications are that the 0.1-0.7 mm size fraction could account for as much as 40-50% of suspended POC Altabet, 1990) . Studies have shown that carbon associated with aerosol particles are largely in this size fraction (Hoffman and Duce, 1977; Chesselet et al., 1981) and that the d 13 C of aerosols (À26.5 to À26.7%) over the Pacific and Atlantic Oceans indicate a terrigenous origin (Chesselet et al., 1981) . A simple mixing model, in which all particles greater than 0.7-0.8 mm are considered marine with a d 13 C of À22%, and all smaller particles are considered terrestrial with a d 13 C of À27%, results in total particulate d 13 C values more depleted than À24%. Because lignin is uniquely of terrestrial origin, this model can be tested by lignin analysis of POM.
Carbon-normalized L 6 yields below 110 m ranged from 110 to 470 mg 100 mg OC À1 . This is 1-2 orders of magnitude greater than L 6 in the dissolved phase. In fact, POM L 6 is 10-40% of L 6 values measured in fine particulate material in the mainstem Amazon River (1240 mg 100 mg OC À1 ; Hedges et al., 2000) , 12-52% of Mississippi suspended particulate values (B900 mg 100 mg OC À1 ; Onstad et al., 2000) , and >100% of suspended particulate values in some Russian rivers (140-870 mg 100 mg OC À1 ; Lobbes et al., 2000) . Aerosols from the combustion of woody plants include a variety of lignin-derived constituents (Simoneit et al., 1993; Rogge et al., 1998) , but carbon-normalized lignin values for aerosols are unavailable for comparison. Regardless of delivery mechanism, these results indicate that a large fraction of the submicron particles in the ocean are of terrestrial origin.
The ramifications of an aerosol source for terrigenous submicron particles are substantial. Studies of marine sediments have demonstrated the occurrence of long-chain lipids, lignin, and cutin of terrestrial plant origin (Prahl et al., 1989; Wakeham et al., 1997; Gough et al., 1993) , as well as black carbon believed to originate from biomass burning (Goldberg, 1985; Masiello and Druffel, 1998) . This terrestrial material is believed to be transported as aerosols to the surface ocean and eventually deposited in marine sediments, although a recent study indicates black carbon is also present in the Mississippi River with fluxes equivalent to B5% of annual black carbon burial (Mitra et al., 2002) . Using carbon-normalized yields of lipids in sediments and aerosols, estimates of the terrestrial fraction of total organic carbon in the sediments range from 5% to 34% in the equatorial Pacific (Prahl et al., 1989; Wakeham et al., 1997) . Globally, black carbon has been estimated at 6% of the total organic carbon stored in sediments (Goldberg, 1985) . Because of the age difference between black carbon vs. sedimentary organic carbon deposited at the same time, it has been hypothesized that black carbon may circulate for thousands of years before it reaches the sediments (Masiello and Druffel, 1998) . However, prior to this study there has been little evidence for the presence of terrigenous aerosols in the water column. The analyses of lignin phenols in the 0.1-60 mm size class of POM are entirely consistent with a predominantly terrestrial source, and the d 13 C values are consistent with those of aerosols. This study provides strong evidence for the presence of terrigenous aerosols in the marine water column, and it appears these aerosols could be a major source of terrestrial OM and black carbon in marine sediments.
